, 1055] analyzed two scenarios where bioenergy crops were used for transportation -(1) cellulosic ethanol production by biorefineries for internal combustion engines and (2) bioelectricity generation by power stations for electric motors. Their study suggests the latter approach offers more efficient energy utilization than the former. We argue that the evaluation of a transportation system must be based on complicated metrics rather than only one or two factors. We suggest another out-of-the-box solution biomass carbohydrate-to-hydrogen-to-electricity as a key component of the future transportation sector.
Although rechargeable batteries sound appealing (1), current energy densities in rechargeable batteries are only one twentieth to one hundredth of liquid (bio)fuels energy density based on weight, which results in a very short driving distance per charge (2) . In addition, recharging time for batteries is much longer than refilling liquid fuel on a MJ per second basis. Dramatic efforts have been made to increase battery energy storage densities (3, 4) and shorten recharging time (5), but some claims of such advances have been questioned (6) . If the energy densities in rechargeable batteries were increased by 10-fold in the future (4), safety concerns would likely slow or even prevent the wide deployment of batteries for personal vehicles due to concerns about potential explosive hazards. If the obstacles to ultra-fast recharging and life-time of batteries were solved, huge infrastructure investment would be required for the electrical grid, sockets for recharging vehicles quickly, power stations, etc. Finally, there will be environmental costs related to proper disposal of a large number of used rechargeable batteries. Is there enough available lithium for future electrical cars?
Efficiency is not the sole criterion
Judging potential transportation solutions based on the sole criteria of energy utilization efficiency may lead to a misleading conclusion. For example, the overall energy efficiencies from solar energy to electricity for solar cells and bioelectricity are 13.7% (20%, solar cell; 5%, distribution loss; 20%, recharging loss; and 10%, motor loss) and 0.274% (1%, photosynthesis; 38%, biomass to electricity by power station; 5%, distribution loss; 20%, recharging loss; and 10%, motor loss), respectively (7) . Although the former has approximately 50-fold higher energy efficiency than the latter, it is not fair to say that the former is superior to the latter because plants are natural solar cells that collect scattered solar energy and store it as an enriched energy source for other applications (8) . In some cases, a lack of cost-efficient collection and large-scale energy storage means are a show stopper for these possible energy pathways.
Campbell et al (1) concluded that bioelectricity has nearly double the energy efficiency compared to cellulosic ethanol but their study ignores the critical factors discussed above that significantly restricts large-scale deployment of electrical vehicles. In addition, this analysis was not completely new. Figure 1A presents the energy efficiency analysis modified from our previous report (9) . Here we want to point out that the most promising power-train system is the biomass carbohydrate-tohydrogen-to-electricity (Fig. 1B) . This future system is has a higher energy efficiency mainly due to (i) a net enthalpy gain from carbohydrate to hydrogen (122%) (10, 11) , where lowtemperature heat energy comes from the fuel cells (8) and (ii) the very high energy efficiency of PEM fuel cells (50%).
An out-of-the-box solution. In addition to the high energy conversion efficiency, renewable carbohydrate can be regarded as a high-energy density hydrogen carrier (14.8 H 2 mass%) so that the obstacles to hydrogen storage and distribution would be solved at the same time. Clearly, as a hydrogen carrier, carbohydrates are better than methanol (12) . Since hydrogen is easily converted to electricity, safety concerns regarding largescale hydrogen use would be minimized. Although this hypothetical power-train system is not available, there don't currently appear to be any obvious major technical showstoppers ahead (8).
When we apply the evaluation metrics including the cradle-tograve costs and efficiency, the multiple fronts of societal, environmental, resource, economic, and safety, as well as technology challenges and maturity, we realize that metrics are only valid when used for their intended purpose and are limited by specific constraints, not across the defined boundaries. Therefore, it is vital to find the right yardsticks (metrics) for evaluating future transportation solutions and dangerous and misleading to judge complicated systems based on one or two criteria.
